Background: UK, US and European guidelines recommend the decision to initiate dialysis should be based on a combination of measurements of kidney function, nutritional status and clinical symptoms. Such recommendations assume an accurate and reproducible measure of glomerular filtration rate (GFR). Methods: Prospective study of 97 patients with chronic kidney disease (CKD) and serum creatinine >200 mmol/l (2.26 mg/dl) who between them contributed 388 24 h urine collections. Our main outcome measure was the number of patients with low residual renal function identified by different tests, using widely accepted thresholds. We calculated sensitivity, specificity, positive and negative predictive values and receiver operating characteristic curves for each comparison using a combined urea and creatinine clearance of <15 ml/min to indicate the likely presence of end stage renal disease (CKD stage 5).
Introduction
It is increasingly accepted that morbidity and mortality within the renal population can be reduced by early referral to a nephrologist, timely creation of permanent vascular or peritoneal access and initiation of dialysis before the onset of symptomatic uraemia. [1] [2] [3] [4] [5] Because symptoms of renal failure are non-specific, some measure of residual renal function is required to prompt such interventions.
A simple classification of chronic kidney disease (CKD) based on the severity of renal failure rather than the cause, suggests that patients with glomerular filtration rate (GFR) 15-29 ml/min/1.73 m 2 (CKD stage 4) begin preparation for renal replacement therapy and that dialysis be considered when GFR is <15 ml/min/1.73 m 2 (CKD stage 5). 6 Such recommendations assume an accurate and reproducible measure of GFR. Serum creatinine is not ideal for this purpose, partly because it is not linearly related to GFR and partly because it is influenced by other factors such as age, gender, race, muscle mass, diet, certain drugs, also by tubular secretion of creatinine as GFR falls. 7, 8 The most accurate ways to measure GFR are by clearance of inulin, radio-active markers or radio-contrast agents, 9 but these are impractical for everyday use and not widely available. Surrogate markers of GFR are used instead. These include estimated GFR using the MDRD formula, 10, 11 estimated creatinine clearance using the Cockcroft and Gault formula with or without adjustment for ideal body weight, 12 and urea clearance (Kt/V). Because tubular secretion of creatinine causes on average a 15% over estimate of creatinine clearance as renal function fails and tubular reabsorption of urea causes on average a 15% underestimate of urea clearance, the mean of these two measurements is believed to represent the most accurate non-invasive test of GFR in patients whose GFR is low. 9, 10, [13] [14] [15] [16] [17] The purpose of our study was to examine the extent to which the different tests of residual renal function predicted a GFR <15 ml/min using combined urea and creatinine clearance as a surrogate for GFR.
Methods
The study took place in the Renal Unit of Dumfries Infirmary, a district general hospital serving the population of south west Scotland. We obtained the following parameters from all patients with serum creatinine >200 mmol/l (2.26 mg/dl) attending our pre-dialysis clinic-height and weight, serum creatinine, blood urea and 24 h urine collections for the measurement of urine volume, urine urea and urine creatinine concentrations. Each patient was given written instructions to improve the accuracy of the 24 h collections.
We used the 4-variable MDRD equation with 175 as the constant in keeping with current recommendations, 11 and the Cockcroft and Gault equation as published, 12 with and without adjustment for ideal body weight using a body mass index (BMI) of 22.5. Weekly urea clearance corrected for total body water (Kt/V) was derived using widely available software. 18 Combined urea and creatinine clearance was the arithmetic mean of the 24 h urea and creatinine clearances, corrected for body surface area. We used this measurement as a surrogate for GFR and a value of <15 ml/min/1.73 m 2 as the theoretic threshold for starting dialysis. All other measures of residual renal function were then compared to this using the following thresholds. These were estimated GFR from the 4-variable MDRD formula <15 ml/min; calculated creatinine clearance using Cockcroft and Gault formula with and without adjustment for ideal body weight <15 ml/min; weekly Kt/V <2.0.
We calculated receiver operator characteristic (ROC) curves using standard methodology implemented in SAS PROC LOGISTIC and plotted the curves of the four tests given in Table 1 against the 'gold standard' of combined clearance <15 ml/min. We also calculated sensitivity, specificity, negative and positive predictive values, to investigate whether disagreements between test and combined urea and creatinine clearance were more likely to be falsely positive or falsely negative. Three analyses were undertaken for each comparison of tests of residual renal function: the first measurement of residual renal function for each patient, the measurement of residual renal function that corresponded to the highest serum creatinine for each patient, and all readings for all patients.
Results
A total of 440 24 h urine collections on 115 consecutive stable pre-dialysis patients were considered for analysis. One patient consistently provided 48 h worth of urine in his collection and was excluded from the study as were 52 urine collections from 37 other patients that were judged to be incomplete: 12 samples <1000 ml volume, 18 samples with urine creatinine <7.7 mmol (87 mg)/24 h in a man, 11 samples <5.6 mmol (63 mg)/24 h in a woman and a further 11 samples with serum creatinine <200 mmol/l (2.26 mg/dl). 19 This resulted in the omission of all the data from 18 subjects. All other 97 subjects and 388 urine collections were included in the analysis which comprised 71 Caucasian men average age 64 years (range 19-87 years) with average (SD) urine creatinine 12.1 (3. The relation between serum creatinine and combined urea and creatinine clearance was inverse and curvilinear as shown in Figure 1 , which gives all values for the 97 patients. Serum creatinine in patients with combined clearance <15 ml/min ranged from 230 to 1023 mmol/l (2.6-11.6 mg/dl) confirming that serum creatinine itself is an unreliable indicator of the severity of renal failure, and indicating that some patients with creatinine <300 mmol/l (3.39 mg/dl) had already reached end stage renal failure. The average (unweighted across all measurements) combined urea and creatinine clearance in those with combined clearance <15 ml/min was 11.2 (range 4.5-15.0) ml/min. The corresponding average serum creatinine in this group was 441 mmol/l (4.99 mg/dl).
The ROC curves are shown in Figure 2 . Using the highest measurement of serum creatinine for each patient, the best of the prediction equations was the 4-variable MDRD equation with an area under ROC curve of 0.93. This was followed by Kt/V (AUC 0.91) and Cockcroft Gault with and without correction for Keys: a Ideal Cockcroft <15 ml/min = estimated creatinine clearance adjusted for ideal body weight <15 ml/min; b urea clearance (Kt/V) <2 = urea clearance corrected for estimated total body water <2; ideal body weight (AUC 0.89). Further analyses showed that the 4-variable MDRD equation had higher negative predictive value (64%) but lower positive predictive value (89%) than Cockcroft Gault with (NPV 49%, PPV 92%) and without (NPV 40%, PPV 100%) correction for ideal body weight, and than Kt/V (NPV 45%, PPV 96%) for identifying patients whose combined clearance was <15 ml/min. (Table 1 ). The implication of these findings is that all prediction equations tend to overestimate GFR when this is low. The 4-variable MDRD formula may be less likely than Cockcroft Gault and Kt/V to do so, but will nevertheless overestimate residual renal function in up to 36% of cases (negative predictive value of 64%). (Table 1, Figure 3 ). There was little difference between the positive and negative predictive values for the 71 men and 26 women (NPV 74% and 67%, PPV 79% and 95%, respectively). There was no suggestion that the MDRD formula performed any differently in the 40 subjects with BMI >30 (NPV 75%, PPV 80%) than in the 57 subjects with BMI <30 (NPV 71%, PPV 88%). Similar results were obtained for the MDRD formula when we used the measurement of residual renal function that corresponded to the first serum creatinine for each patient (NPV 73%, PPV 85%), or all measurements for all patients (NPV71%, PPV 90%).
Discussion
The decision on precisely when to start dialysis is unresolved. The belief that patients should 'earn their dialysis' by becoming ill before they start treatment has been replaced by the view that it is unwise to allow patients to develop severe malnutrition, acidosis or uraemia prior to renal replacement therapy. Against this background, the main findings of our study are that the non-invasive assessment of residual renal function is associated with more pitfalls than might be supposed. Serum creatinine, the most readily available of the noninvasive tests, does not predict end stage renal failure reliably enough to be used for this purpose. Serum creatinine in patients with combined urea and creatinine clearance <15 ml/min varied from 230 to 1023 mmol/l (2.6-11.6 mg/dl) indicating that some patients with serum creatinine <300 mmol/l had already developed end stage renal failure (Figure 1 ). Similar findings have been reported by others. 7, 8 The current recommendations of best practice groups in Europe, the United States and United Kingdom regarding initiation of dialysis are as follows. In Europe 'dialysis should be instituted whenever the GFR is <15 ml/min and there is one or more of the following: symptoms or signs of uraemia, inability to control hydration status or blood pressure, or a progressive deterioration in nutritional status. In any case dialysis should be started before the GFR has fallen to 6 ml/min/ 1.73 m 2 even if optimal pre-dialysis care has been provided and there are no symptoms'. 15 To ensure that dialysis is started before GFR is <6 ml/min, clinics should aim to start at 8-10 ml/min. 15 In the United States, the dialysis outcomes quality initiative (DOQI) guidelines suggest dialysis should begin when the weekly Kt/V is <2.0, equivalent to a renal creatinine clearance of 14 ml/min/1.73 m 2 , unless the patient has a stable or increased oedema free body weight, a dietary protein intake of >0.8 g/kg/ day and no evidence of clinical uraemia. 20 Current UK guidelines also recommend that the decision to initiate dialysis be based on a combination of measurements of kidney function, nutritional status and clinical symptoms: 'Dialysis should be considered when the weekly urea clearance falls below the equivalent of a Kt/V of 2.0, equivalent to a GFR of approx 14 ml/min. Dialysis will be indicated in such patients if there is evidence of malnutrition or if symptoms interfere with quality of life'. 21 These recommendations come at a time of increasing interest in prediction equations for estimating creatinine clearance and GFR, of which the two most widely used are the MDRD equations proposed by Levy and colleagues 10, 11 and the formula of Cockcroft and Gault. 12 The MDRD equations were validated against an iothalamate clearance estimate of GFR normalized to a body surface area of 1.73 m 2 and the Cockroft and Gault formula against creatinine clearance. These prediction equations require either that body weight (Cockcroft and Gault), racial origin (4-variable MDRD), or racial origin, serum urea and albumin (6-variable MDRD) be measured or recorded in addition to serum creatinine for an estimate of GFR to be made. Much has been written of the advantages and limitations of estimating kidney function in adults using these equations, with the balance of evidence 22 and current opinion [23] [24] [25] supporting the use of the 4-variable MDRD equation over both the 6-variable MDRD equation and the Cockcroft and Gault formula when estimating residual renal function.
The MDRD formula is, however, not without limitation. It was validated in a population of 1628 predominantly middle aged adults with known kidney disease whose average GFR was 40 ml/min/ 1.73 m 2 . It performs best in the population in which it was derived, underestimates GFR when this is normal or only mildly reduced, and overestimates GFR when this is severely impaired. Although attention has been drawn to the poor performance of MDRD at higher levels of GFR 22, 26 there has been less discussion of its limitations in advanced CKD. 19 Our results, which clearly show that the MDRD formula overestimates GFR in end stage renal disease, are closely similar to those of Froissart and colleagues. 27 In a study of 2065 adult Europeans, 128 of whom had measured GFR <15 ml/min, the MDRD formula had a false negative rate of 35.2%. 27 Most others, but not all, have drawn similar conclusions. Kuan et al., 28 in a study of 26 nondiabetic subjects whose baseline creatinine was >400 mmol/l (4.52 mg/dl), found that the MDRD formula underestimated GFR when inulin clearance was >8 ml/min/1.73 m 2 and overestimated GFR when inulin clearance was <8 ml/min/1.73 m 2 . 28 Rule studied 320 patients with CKD, 22 of whom had measured GFR <15 ml/min by iothalamate clearance. The MDRD GFR overestimated residual renal function in this group. 29 Hallan and colleagues showed that the MDRD formula underestimated GFR at near normal levels but overestimated GFR when this was low in 107 subjects with 'various grades of kidney failure' and concluded that while eGFR using the MDRD formula might be useful for better timing of such important pre-dialytic preparations as construction of an AV fistula, placement of a PD catheter or transplant work up, GFR should probably be measured using a plasma clearance technique before deciding when to start renal replacement therapy. 30 In contrast, Barroso and colleagues found that the 6-variable MDRD equation underestimated GFR when measured by Tc 99m DTPA in 99 patients whose average DTPA-GFR was 16.2 ml/min/ 1.73 m 2 . 31 The reasons for this different result are not clear but may reflect the use of the 6-variable and not 4-variable MDRD formula. Notwithstanding, the consensus view is that the MDRD formula overestimates GFR when this is low. [27] [28] [29] [30] One possible explanation for this is the relatively lower serum creatinine concentration for a given level of GFR in these patients as a result of reduced muscle mass and/or under nutrition when compared with the middle aged population in which the MDRD formula was derived.
Our study has strengths and weaknesses. Strengths were that we deliberately chose to study consecutive patients for whom an accurate measurement of residual renal function is necessary in order to initiate dialysis. The 4-variable MDRD formula has not been tested very often in this patient population. Our main limitation is that we did not use an exogenous marker such as inulin or iodine labelled iothalamate to estimate GFR. Inulin has long been regarded as the most accurate estimate of GFR, but even inulin has some extra-renal clearance, equivalent to 6 ml/min for a 70 kg man. 22 Also it would have been impractical to infuse an exogenous marker given the need to assess GFR on a regular basis in the run up to dialysis in our patients. Against this background we chose to assess residual renal function using combined urea and creatinine clearance as this is widely believed to be the most accurate of the non-invasive tests for GFR when GFR is low. 9, 10, [13] [14] [15] [16] [17] Recognizing that timed urine collections are cumbersome and susceptible to error we limited our analyses to those collections judged likely to be accurate by excluding those with low urine creatinine. The fact that the MDRD formula overestimated GFR when GFR was low to the same extent as in the paper by Froissart and colleagues, 27 who used chromium labelled EDTA as a gold standard, supports our belief that the combined urea and creatinine clearance may be an acceptable alternative.
Although our study is not primarily concerned with the timing of dialysis, discussion of the initiation of dialysis is relevant if the decision to start treatment is to be based not just on symptoms but on some measurement of residual renal function. 13 We believe, therefore, that our observations have implications for the referral and subsequent management of patients with chronic renal failure. The first is that some patients with serum creatinine as low as 300 mmol/l (3.39 mg/dl) will already have developed end stage renal failure, and the second that a combined urea and creatinine clearance corrected for body surface may give a better estimate of residual renal function than measures based purely on creatinine or urea which tend to overestimate GFR when this is significantly impaired.
In light of these findings we believe that collection of 24 h urine samples may still have a role in the assessment of patients with stages 4 and 5 CKD.
